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ABSTRACT
TUNING POLY(ISOPROPYL GLYCIDYL ETHER-block-POLYETHYLENE GLYCOLblock-ISOPROPYL GLYCIDYL ETHER) POLY(iPrGE-PEG-iPrGE) TRIBLOCK
HYDROGELS FOR USE IN 3D PRINTING
by Alexander Bao Anh Le
Additive manufacturing, otherwise known as 3D printing, is an emerging technology with
wide applications. The goal of this work is to study hydrogels comprised of the
poly(isopropyl glycidyl ether-block-polyethylene glycol-block-isopropyl glycidyl ether)
triblock copolymer, poly(iPrGE-PEG-iPrGE), for 3D printing. The hydrogel blends contain
poly(iPrGE-PEG-iPrGE) along with varying concentrations of 2.5k PEG, 4k PEG, 8k PEG,
18.5k PEG or 2.5k iPrGE homopolymers. The effectiveness of the blends was measured by
comparing the gel point, storage modulus, equilibrium modulus, and yield stress of the
hydrogels. The average gel point for the samples ranged from 7.03-12.78 °C and the
hydrogels were thermoreversible. The concentration of the triblock was the biggest
contributor for differences in the gel point. All of the hydrogels exhibited non-Newtonian
shear-thinning properties as well as the ability to recover strength following a period of high
strain. The 1 and 5% iPrGE hydrogel blends were the strongest hydrogels, based on the
equilibrium modulus and yield stress at room temperature. However, due to interactions in
the hydrophobic domain, iPrGE hydrogels had the smallest temperature range and exhibited
syneresis at lower temperatures compared to other hydrogel blends. Triblock hydrogels were
successfully created and tuned to different levels of strength through the addition of
homopolymer.
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CHAPTER ONE
INTRODUCTION
1.1

Significance of Project
Additive manufacturing, commonly known as 3D printing is an emerging technology

with wide applications. Additive manufacturing is the creation of three-dimensional objects
one layer at a time. By incorporating hydrogels as a medium, the number of applications of
3D printing can be increased, further increasing the value of the market. While there are
several hydrogels that are currently in use for 3D printing, they may not have the rheological
properties that would be useful for additive manufacturing. The goal of the proposed research
is to investigate several hydrogels for future use in 3D printing.
1.2

Hydrogels
Hydrogels are polymeric networks that are capable of holding large amounts of water.

It is important that hydrogels are able to hold at least 20% of water within its structure
without dissolving in water [1]. Hydrogels are useful for our studies due to their robustness
and responsiveness in many applications in the pharmaceutical, biomedical, and
petrochemical fields [2, 3].
1.2.1

Hydrogel Formation
The hydrogels discussed in this paper form due to the hydrophobic and hydrophilic

interactions of the hydrogel’s constituent polymers. The interaction of a diblock copolymer,
consisting of a hydrophilic block and a hydrophobic block, in water is shown in Figure 1.
When placed in water, the hydrophobic block naturally wants to decrease contact with water
while the hydrophilic block tries to increase its contact with water. This results in a large
concentration of hydrophobic blocks in the center. Due to the characteristics of the blocks,
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the polymer self-assembles into micelles, Figure 1. A polymer network results from the
interactions of many micelles, leading to a hydrogel.

Figure 1. Micellization of PDENA-PEG block
copolymer in water (Reprinted from [4] with
permission from Elsevier).
However, it is important to understand that not all polymers form the same type of
micelles. Winnick et al. studied the association of triblock copolymers, the same type of
polymer studied in this paper, to form hydrogels [5]. Polymers that consist of hydrophobic
ends and a hydrophilic interior tend to form flower micelles in a polar solvent. Flower
micelles have a dense core of the copolymer end groups and are surrounded by the soluble
chains. In order to form gels, Semenov et al. predicted that flower micelles would separate
into a polymer rich phase and non-polymer phase due to the weak interactions between the
micelles due to bridging [6]. Winnick et al. were able to show that the flower micelles did
exist in certain polymers and that Semenov’s prediction was correct by using dynamic light
scattering and pulsed gradient spin echo nuclear magnetic resonance imaging. The flower
micelles then interact with each other due to entanglement between the coronas of each
micelle. The aggregated micelles then interact with other aggregates to form the extended
network of a hydrogel, Figure 2.

2

Figure 2. Proposed micellization process
(Reprinted from [5] with permission from
Elsevier).
1.2.2 Hydrogels as Inks for 3D Printing
Direct write additive manufacturing, also known as 3D inking, is a method of 3D
printing that began in the 1990s [7]. In this method of 3D printing, a nozzle extrudes an ink
across a surface, Figure 3. The ink used in direct write additive manufacturing must have
certain rheological behavior in order to be used in a 3D printer. Generally, the inks must have
a low viscosity between 1-2500 cP [8]. In addition, the ideal inks should be stimuli
responsive materials that respond to shear stress. Ideally, the ink used would be a nonNewtonian fluid that exhibits liquid-like properties when extruded from the nozzle and
regains its strength to maintain its structure. A common example of a shear-thinning fluid
would be ketchup. In the bottle and on a plate, ketchup generally maintains its shape.
However, when squeezed, ketchup acts like a liquid and easily comes out of a bottle.
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Figure 3. Representation of a direct deposit 3D printer (Reprinted
with permission from [9]. Copyright © 2015 American Chemical
Society).
Certain hydrogels are perfect inks for 3D inking due to their shear-thinning behavior.
These inks are gels at ambient conditions before undergoing a change in viscosity when
exposed to shear-thinning due to its extrusion through the nozzle of a 3D printer. Following
extrusion, the gels would quickly regain its shape after printing. In addition, the
thermoresponsiveness, temperature dependence, and thermoreversibility of hydrogels can be
extremely useful for 3D printing applications. The gel can then switch between solid and
liquid by changing temperature without degradation, which is useful for loading the gel into
the nozzle. Previous inks studied include waxes, polyelectrolyte gels, and other hydrogels
[10].
1.3

Rheology
Rheology will be used in order to understand the effects of the hydrophobic and

hydrophilic additives on the poly(iPrGE-PEG-iPrGE) hydrogels. Rheology is the study of
stress-deformation relationships. Specifically, the stress-deformation relationships studied are
measurements of viscosity and moduli:
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𝑆𝑡𝑟𝑒𝑠𝑠

𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 = 𝜂 = 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑑𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛
𝑆𝑡𝑟𝑒𝑠𝑠

𝑆𝑡𝑟𝑒𝑠𝑠

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 = 𝐺′ = 𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝑆𝑡𝑟𝑎𝑖𝑛 𝑐𝑜𝑠𝛿
𝑆𝑡𝑟𝑒𝑠𝑠

𝑆𝑡𝑟𝑒𝑠𝑠

𝐿𝑜𝑠𝑠 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 = 𝐺′′ = 𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 = 𝑆𝑡𝑟𝑎𝑖𝑛 𝑠𝑖𝑛𝛿

Equation 1
Equation 2
Equation 3

Viscosity is the measure of a fluid’s resistance to flow. The storage (elastic) modulus is the
measure of the ability of a material to store energy while the loss (elastic) modulus is the
ability of a material to dissipate energy. A rheometer measures the shear of a sample by
measuring the velocity and force of a top plate across a material. The rheometer calculates
the shear, strain, and shear rate by measuring force (F), area (A), displacement (x(t)), sample
height (y), and time (t) in order to solve Equations 1-3 using the following equations:
𝐹

Equation 4

𝑥(𝑡)

Equation 5

𝑆𝑡𝑟𝑒𝑠𝑠 = 𝜎 = 𝐴
𝑆𝑡𝑟𝑎𝑖𝑛 = 𝛾 =

𝑦

𝑆ℎ𝑒𝑎𝑟 𝑅𝑎𝑡𝑒 = 𝛾̇ =

𝛾
𝑡

Equation 6

Figure 4 shows the basic layout of a rotational rheometer while Figure 5 shows the shear
flow in a sample.

Figure 4. Basic parallel plate rheometer
design (Reprinted from [11] with
permission from Elsevier).
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Figure 5. Simple steady shear flow.
1.4

Purpose of Thesis
The purpose of the thesis is to study the rheological properties of hydrogel blends of

the triblock copolymer iPrGE-PEG-iPrGE, where iPrGE is isopropyl glycidyl ether and PEG
is polyethylene glycol. It is hypothesized that the storage modulus and temperature response
of the hydrogels can be tuned by substituting the triblock with poly(ethylene glycol) and
poly(isopropyl glycidyl ether) to determine an ideal blend for additive manufacturing. The
study will be completed with the International Business Machine (IBM) Almaden Research
Center. Previous work with hydrogels at IBM has shown the potential of the novel triblock
copolymer, iPrGE-PEG-iPrGE, for direct write 3D printing [9].
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CHAPTER TWO
LITERATURE REVIEW
2.1

Introduction of Literature Review
The purpose of this literature review is to examine relevant studies related to

hydrogels, hydrogel blends, and hydrogels used in additive manufacturing. Understanding
these topics is crucial in recognizing how to choose and create an effective hydrogel for 3D
printing. The following studies relate to the tuning of hydrogels and provides sufficient
background knowledge to understand the chemistries that will be discussed in the project.
2.2

Hydrogels
In the past few decades, researchers have examined the benefits of synthetic

hydrogels (e.g., Pluronic F127) over natural hydrogels (e.g., collagen or polysaccharides)
[12]. Synthetic hydrogels are created quickly as there is no need to wait for an organic source
to produce the hydrogel. They also tend to last longer and have higher gel strength. In
addition, due to their creation in the lab, synthetic hydrogels can be readily tuned to express
desired mechanical behaviors. Natural hydrogels are limited, but can be changed to become
synthetic hydrogels through modification. However, modifying natural hydrogels tend to take
more time and resources than simply synthesizing a hydrogel in lab.
Of particular interest to this thesis are smart hydrogels. Wang et al. define smart
hydrogels as hydrogels that respond to specific stimuli (i.e., pH, temperature, shear, etc.)
[13]. The four most important properties of hydrogels for bioprinting are their printability,
biocompatibility, mechanical properties, and shape and structure. Figure 6 below shows the
various characteristics that effect the desired properties. Of particular interest to this study are
the sol-gel transition temperatures and the mechanical properties of various hydrogels.
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Figure 6. Ideal hydrogel properties for 3D printing (Reprinted with
permission from Wang et al., 2015 [13]; licensed under Creative
Commons Attribution-NonCommercial 4.0 International License (CC
BY-NC 4.0), https://creativecommons.org/licenses/by-nc/4.0/).
Zhang et al. studied poly(iPrGE-PEG-iPrGE) hydrogels of 1.8k-8k-1.8k and 2.4k-8k2.4k previously at IBM [9]. The smart hydrogels switch between viscous solutions and gels
around specific temperatures. In addition, the gels are shear-thinning, allowing the hydrogel
to exhibit liquid like properties in the gel phase with the application of a shear force. The
authors of this paper compared poly(iPrGE-PEG-iPrGE) hydrogels to hydrogels made of
pluronic F127. Pluronic F127 was chosen due to its commercial availability and previous
usage in 3D printing studies. The authors concluded that while F127 is readily available,
F127 did not have optimized characteristics for 3D printing at 22 °C. Figure 7 below shows
that F127 has a lower storage modulus when compared to Polymer 1 (1.8k-8k-1.8k iPrGEPEG-iPrGE) and Polymer 2 (2.4k-8k-2.4k iPrGE-PEG-iPrGE) hydrogels and shears at a
lower stress as well. These two properties indicate that F127 gels would not be as useful for
creating larger structures using 3D printing. The gel point of 15 wt% F127 is 34.4 °C and 20
wt% F127 is 17.2°C, while 15 wt% Polymer 1 has a gel point of 14.3 °C and 15 wt%
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Polymer 2 has a gel point of 9.5 °C [9]. In order to be used at 22 °C, more F127 is required
when compared to poly(iPrGE-PEG-iPrGE) and it still results in an overall weaker hydrogel.
Additionally, despite being composed of the same materials, Polymers 1 and 2 have different
temperature responses as seen in the gel point. The difference in size of the hydrophobic
outer blocks indicate that hydrophobic interactions in the micelle can strongly impact the
temperature response. The research in this study is a continuation on the study of
poly(iPrGE-PEG-iPrGE) hydrogels.

Figure 7. Storage modulus versus stress for 20 wt% F127, 15 wt% Polymer
1 (1.8k-8k-1.8k iPrGE-PEG-iPrGE), and 15 wt% Polymer 2 (2.4k-8k-2.4k
iPrGE-PEG-iPrGE) (Reprinted with permission from [9]. Copyright © 2015
American Chemical Society).
Limitations related to other tissue culturing methods can be ignored by using
synthetic polymer hydrogels [14]. These limitations include reproducibility, sterility, and low
production yield. Of particular interest to this study are synthetic hydrogels created from
polyethylene glycol (PEG) [15]. In a study by Nuttelman et al., photo-polymerized PEG
hydrogels were found to be an ideal medium for the culture of human mesenchymal stem
cells (hMSCs) [15]. However, the viability of hMSCs was low when in unmodified PEG
hydrogels. The viability was attributed to the fact that PEG hydrogels have a porosity that is
9

much smaller than that of a cell, which limited cellular migration and cell-cell interactions
[16]. It was only through the introduction of an arginine-glycerine-aspartic acid (RGD)
sequence to the end groups of the PEG polymer that the PEG hydrogels become useful for
the culture of hMSCs. Originally, the viability was 15%, but the viability increased to 75%
after the introduction of the RGD sequence [15]. While PEG based hydrogels may have
several desired properties, they can be further modified in order to increase their usefulness.
Lee et al. proposed a method of controlling hydrogel degradation in order to increase
the range of mechanical strength available to hydrogels [17]. In order to increase control over
the hydrogel, Lee’s study attempted to use multi-functional cross-linking molecules to form
hydrogels. In order to do so, tetra-arm poly(aldehyde guluronate) was cross-linked with
either poly(acrylamide-co-hydrazide) or adipic acid dihydrazide. The degradation rate was
due to the multiple attachment points on poly(acrylamide-co-hydrazide) which allowed for
the complete destruction of the cross-linking molecules after the loss of the attachment
points. However, the gel did not disintegrate until after all of the attachment points were lost,
resulting in slow degradation. Comparatively, traditional bi-functional cross-linking
molecules completely degrade after the loss of just two attachment points. The study by Lee
et al. is useful as they designed the experiment to be a general approach to controlling
hydrogel degradation instead of just focusing on their synthesized hydrogel, allowing other
researchers to adopt their techniques for other molecules.
Li et al. invented a new hydrogel, based on a tetra-PEG gel, with an easily
controllable degradation time [18]. The novel hydrogel exhibited tunable degradation due to
its highly homogenous polymer network. The tetra-PEG gel was created from A-B coupling
of two separate PEG units functionalized with amine and active ester. The degradation
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behavior was studied by placing the gel samples in a phosphate buffer at 37 °C and
examining the swelling ratio of the gel volume. What made Li’s hydrogel unique to other
hydrogels is that when the hydrogel degraded, Li’s hydrogel did not lose important properties
such as elastic modulus, loss modulus, mesh size, and water content. In addition, the
degradation time could be accurately predicted under a variety of differing conditions.
2.3

Hydrogel Blends and Composites
Another method of tuning hydrogels is through the addition of materials into the

hydrogel. By blending nanoparticles, proteins, or other polymers, new properties may arise in
the hydrogel. New properties may include a stronger or weaker matrix, varying gelation
temperature, or higher affinities towards materials.
The mechanical behavior of hydrogels can be tuned by modifying the cross-link
density [19]. The cross-linking network of polymers within water solutions are the backbone
of hydrogels. The cross-linking interactions are formed by noncovalent interactions between
the components of the hydrogels. Koenigs et al.’s hydrogels of poly(ethylene glycol)-bis
(urea) bolaamphiphiles created rod-like micelles [19]. However, crosslinking with two bis
(urea) blocks connected to PEG could lead to the formation of loops in between the linkers,
Figure 8, when the cross linkers were composed of the same shape. In order to increase
cross-link density, Koenigs et al. added another cross linker consisting of two bis (urea
blocks) connected by poly(ethylene oxide) at a different size. By comparing rheological
properties of the hydrogels containing just one cross linker vs. two different cross linkers, it
was found that the hydrogels are strengthened by a factor of 15. The size of the hydrogel
cross-linker can change the properties of the hydrogels.
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Figure 8. Limitation of cross-linking by formation of loops (left);
suppression of loops of mixed bolaamphiphiles and hetero-crosslinker (right) (Reprinted with permission from [19]. Copyright ©
2014 American Chemical Society).
A study by Cheng et al. at Nankai University examined the effects of blending PEG
into PNIPAM (poly(N-isopropylacrylamide)) for cell culturing [20]. Normally, PEG
hydrogels transition from the liquid to gel state after heating. However, the PEG/PNIPAM
gel blends remained in the liquid state after increasing the temperature. Instead, the
PEG/PNIPAM blend gelled when exposed to physiological pH. The unexpected behavior
was hypothesized to be due to the depletion attraction caused by the PEG chains, Figure 9
[20]. The thick fibers created in the absence of PEG prevented the formation of a hydrogel
network. Conversely, the thin fibers resulting from PEG blends interacted with each other to
create polymer network. The amount of PEG blended into the system affected cell growth as
well. Pure PNIPAM hydrogels had no cell growth. However, PNIPAN hydrogels containing
0.75 wt% PEG exhibited excellent cell growth. Cheng et al. found that 0.75 wt% PEG was
the ideal amount, as increasing the PEG concentration from there resulted in decreased cell
growth rate.
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Figure 9. Gelation of PNIPAM gels in the absence,
thick fibers, and presence of PEG, thin fibers
(Reprinted from [20] with permission from Elsevier).
Jinnai et al. studied the morphological effects of adding a relatively high weight
homopolymer, homopolystyrene, to a poly(styrene-block-isoprene) diblock copolymer
hydrogel [21]. Transmission electron microscopy (TEM) images were taken at various
contact angles to examine the morphologies. When blended, there were two distinct
morphologies, ordered and disordered, that would occur in the same hydrogel, as shown in
Figure 10. Jinnai et al. proposed that the disordered morphology had not reached the gel state
yet. Rather, the disordered morphology resulted from the transition between the liquid to gel
state. However, the diblock copolymer was strong enough that the material seemed like a
homogenous hydrogel when examined above the nanometer scale.
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Figure 10. TEM of homopolystyrene/poly(styrene-blockisoprene) hydrogel [21] (Copyright © 2006 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim).
Noolandi et al. studied the effects of incompatible homopolymer blends on block
copolymers, polystyrene-polybutadiene-copolymer-styrene systems [22]. Block copolymers
tend to emulsify in the presence of immiscible homopolymers. By varying the molecular
weight of the homopolymer, the effect of size on interfacial tension was studied. Due to the
immiscible nature of the homopolymers, there was a clear phase separation between the
polymers. The copolymers were thermodynamically favored to form bubble-like structures.
As the homopolymer weight increased, there was a greater exclusion of the homopolymer
from the copolymer bubbles. The bubbles allow the homopolymer blends to act as
emulsifying agents. By understanding the effect of the blending, the desired mechanical
properties can be found in order to create an ideal gel. The critical concentration was studied
as well to determine the ideal ratio of homopolymer to copolymer.
Antunes et al. studied the effect of nonionic surfactants on gels created from pluronic
F127 and water [23]. The surfactants used were polyoxyethylene sorbitan monostearate and
diclofenac sodium salt. From the data, the authors were able to conclude that nonionic
surfactants had little to no effect on the rheological behavior, polymer phase transition, or
drug release of solutions of F127. The pluronic concentration played the largest role in the
characteristics of the gel. This report implies that other, useful nonionic surfactants can be
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mixed into gels with no change in morphology. The characteristics of the surfactants would
not affect how the gel interacted with other materials.
2.4

Hydrogel 3D Printing Applications
Certain hydrogels are perfect inks for 3D inking due to their shear-thinning behavior.

These inks would be gels at ambient conditions before undergoing a change in viscosity
when exposed to shear-thinning due to its extrusion through the nozzle of a 3D printer.
Following extrusion, the gels would quickly retain its shape after printing. In addition, the
thermoresponsive properties of the hydrogel are extremely useful for 3D printing
applications. An ideal ink would also be thermoreversible. For example, a hydrogel
composed of F127, at a concentration of 15 wt%, is a liquid below 35 °C and a gel above 35
°C [24]. The gel can switch between solid and liquid by changing temperature without
degradation, which is useful for loading the gel into the nozzle. The gel is cooled and
prepared in the liquid state before loading into the printer.
Due to the high water content, hydrogels make excellent materials for tissue
engineering. However, shaping the hydrogel to the desired form has been difficult until the
inception of additive manufacturing [25]. An example of the developments made in 3D
printing hydrogels was the successful creation of heterogeneous aortic valve conduits, Figure
11 [26]. The 3D printed alginate/gelatin hydrogel structures were used to successfully culture
aortic root sinus smooth muscle cells and aortic valve leaflet interstitial cells. Complex
structures can be created using additive manufacturing.
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Figure 11. Bioprinting of aortic valve conduit. (A) Aortic valve model
reconstructed from micro‐CT images. The root and leaflet regions were
identified with intensity thresholds and rendered separately into 3D
geometries into STL format (green color indicates valve root and red color
indicates valve leaflets); (B, C) schematic illustration of the bioprinting
process with dual cell types and dual syringes; (B) root region of first
layer generated by hydrogel with SMC; (C) leaflet region of first layer
generated by hydrogel with VIC; (D) fluorescent image of first printed
two layers of aortic valve conduit; SMC for valve root were labeled by
cell tracker green and VIC for valve leaflet were labeled by cell tracker
red. (E) as‐printed aortic valve conduit [26] (Copyright © 2012 Wiley
Periodicals, Inc.).
2.4.1 Blending Polymers into Hydrogels for 3D Printing
There has been a study on the effect of fiber-reinforcement on 3D printed hydrogel
structures [27]. The hydrogel was composed of acrylamide, N-B;-methylenebis (acrylamide),
and α-keto glutaric acid and the fiber reinforcement was created from Emax fibers. What
made this study unique is that both the fiber reinforcement and hydrogel structure were
printed at the same time. Bakarich et al. built a multibarreled extrusion printer to perform the
experiment [27]. The expectation was that the fiber would reinforce the hydrogel structure.
However, the Emax fibers weakened the structure by absorbing some of the water in the
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hydrogel. Fortunately, the hydrogel structure remained functional, displaying that the novel
printer can successfully design structures out of multiple components.
Hong et al. created tough hydrogel blends for 3D printing by mixing calcium alginate
and PEG [28]. They theorized that the resulting hydrogel would be strong due to the
mechanisms involved in for hydrogel formation from both materials. Alginate contains
calcium, which forms ionic crosslinks. PEG has covalent crosslinking and maintains its shape
after deformation. When stretched, the resulting hydrogel is able to maintain its form, as
shown in Figure 12. The calcium detaches from the alginate chains in order to disperse the
mechanical energy. Following relaxation, the ionic crosslinks reform due to the elasticity of
the PEG network. Hong et al. placed the hydrogels from 0-500% tension and found that even
at the largest strain, the gels were able to retain their former strength after a given time. In
addition, several structures such as a pyramid were successfully 3D printed. This paper
shows how PEG can be blended into a hydrogel in order to modify and make a better
hydrogel for 3D printing.

Figure 12. Schematic diagram of the PEG/alginate hydrogel [28] (© 2015 WILEYVCH Verlag GmbH & Co. KGaA, Weinheim).
2.4.2 Hydrogels in 3D Printing
Barry et al. created 3D printed hydrogel scaffolds from acrylamide, glycerol, and
water [29]. The group studied both the rheological properties of their novel hydrogel and
how well the scaffolds maintained their structure. The hydrogel exhibited shear-thinning
behavior desired for easy extrusion through a nozzle. The scaffolds were created by direct
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writing while photopolymerizing the gel with UV illumination and were able to maintain
microscale structures, as shown in Figure 13. The high degree of accuracy of the scaffolds
indicates that the novel hydrogel studied in this paper could be used to fine tune scaffolds in
the future. In addition, the novel hydrogel may be printable at a similarly small scale.

Figure 13. a) SEM image of 1D scaffold composed of 5mm filaments with
a 20 mm center-to-center spacing. b) A 3D microperiodic hydrogel scaffold
(four layers) composed of 5 mm filaments with a 20mm center-to-center
spacing. c) A 3D microperiodic hydrogel scaffold (six layers) composed of
nominally 1 mm filaments with a 5mm center-to-center spacing [29]
(Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).
Studies for 3D printing hydrogels have extended towards 4D printing, where the
fourth dimension examined is time. Structures printed with 4D printing are able to change in
function after being printed due to their ability to respond to stimuli such as temperature, pH,
solution environment, stress, ion concentration and strength, electric fields, light, and
magnetic fields [30]. A key aspect of 4D printing is selecting a hydrogel and creating a
structure that will swell in a controllable manner. A 3D printed structure has only one form,
while a 4D hydrogel printed structure can change shape. Gracias et al. studied 4D hydrogel
structures that can reversibly change shape for use as actuators in soft-robotics [31]. As
hydrogel development continues, the flexibility in using 3D printed hydrogels as a medium
will only grow.
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2.5

Summary
This literature review demonstrates the feasibility of using glycidyl ether blends,

particularly iPrGE-PEG-iPrGE blends, in additive manufacturing. Previous research shows
that the rheological behavior of gels changes when blending in various polymers and altering
the temperature. By altering the crosslinking interactions of polymers within a gel, a gel may
become ideal for use in a 3D printer. Changes to the size or type of homopolymer within a
hydrogel network affects the crosslinking interactions which then allows for tuning of the
hydrogel by modifying hydrogel strength, temperature response, or recovery ability. Rather
than producing large quantities of different hydrogels to print, the rheological behavior of
small samples of hydrogels can be studied in order to design an easily modifiable ink for
additive manufacturing.
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CHAPTER THREE
RESEARCH OBJECTIVES AND HYPOTHESIS
3.1

Objectives
The objective of this thesis is to study the effect of blending homopolymers into

triblock copolymer hydrogels. The hydrogels of interest are based on a triblock copolymer,
poly(iPrGE-PEG-iPrGE), in order to create useful inks for 3D printing. Previous work by
Zhang et al. has shown the potential of the novel triblock copolymer, poly(iPrGE-PEGiPrGE), for direct write 3D printing [9]. The hydrogels will be blended with polyethylene
glycols or glycidyl ethers to determine an ideal blend for printing. The focus of the study will
be to compare the relative strengths of the hydrogel blends. The amount of homopolymer
blended into the hydrogel will be varied and studied in order to find an ideal hydrogel.
The triblock of interest, poly(iPrGE-PEG-iPrGE), will have an average ratio of
2.5kDa-8kDa-2.5kDa. Henceforth, this particular triblock will be referred to as the triblock,
the triblock of interest, or poly(iPrGE-PEG-iPrGE). Polyethylene glycol homopolymers of
varying sizes (2 kDa, 4 kDa, 8 kDa, and 18.5 kDa) will be blended into the hydrogel. The
PEG homopolymers will be referred to as 2k PEG, 4k PEG, 8k PEG, and 18.5k PEG,
respectfully. The isopropyl glycidyl ether homopolymer to be used, iPrGE, will have an
average mass of 2.5 kDa. An AR-2000ex rheometer will be used to determine the relative
strengths of the resultant hydrogels.
While hydrogels created from just poly(iPrGE-PEG-iPrGE) have been successfully
printed, the hydrogels may not be an ideal ink for certain situations. Depending on the
desired purpose of a printed structure, a stronger or weaker gel may be required. By altering
the components of the hydrogel, weaker and stronger gels may be created in order to increase
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the flexibility of the original hydrogel. Additionally, while altering the composition may not
alter the relative strength of the hydrogel, the cost of materials may be reduced, as synthesis
of poly(iPrGE-PEG-iPrGE) can be expensive. This research is beneficial as it can increase
the usage of poly(iPrGE-PEG-iPrGE) hydrogels while lowering cost and increasing the
number of poly(iPrGE-PEG-iPrGE) hydrogel inks available.
3.2.

Hypotheses
There are three hypotheses that are explored. The first hypothesis is that the addition

of hydrophobic homopolymer will affect the temperature response of the hydrogel. The
second hypothesis is that the triblock concentration plays the largest role in cross link density
and hydrogel strength. Finally, the third hypothesis is that the molecular weight of the PEG
homopolymer added to the hydrogel blends will affect hydrogel strength.
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CHAPTER FOUR
MATERIALS AND METHODS
4.1

Overview
This chapter discusses the experimental method and materials used in order to

compare the hydrogel blends. The backbone of the hydrogel network consists of the triblock
copolymer poly(iPrGE-PEG-iPrGE) (2.5kDa-8kDa-2.5kDa). The poly(iPrGE-PEG-iPrGE)
hydrogels contain 15 solid wt% and 85 wt% water. The solid weight is a combination of the
triblock, iPrGE (2.5 kDa), and varying sizes of PEG in order to create different hydrogels.
The hydrogels will be compared by their gel point, storage modulus, equilibrium modulus,
and yield modulus. The information used to compare the hydrogels will be obtained using an
AR-2000ex rheometer.
4.2

Experimental Methods
A brief overview of the experiments done is given in the experimental matrix, Table

1. The table lists the steps involved in this experiment along with a short description of the
step and the parameters measured.
4.2.1 Hydrogel Preparation
The hydrogels are prepared by combining poly(iPrGE-PEG-iPrGE), homopolymer,
and DI water in 8-11 mL vials. The homopolymers are 2k PEG, 4k PEG, 8k PEG, 18.5k
PEG, and 2.5k iPrGE. The hydrogels consist of 85 wt% water and 15 wt% solid. The solid in
the hydrogels are a combination of the triblock and the homopolymer. Specific hydrogels are
referred to as “the X% Y hydrogel”, where X is the percent of the solid weight blended and
Y is the homopolymer used. For example, a 1% 2k PEG hydrogel consists of 85 wt% water,
14.85 wt% triblock, and 0.15 wt% 2k PEG. The 2k PEG is 1% of the total solid weight in the
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hydrogel, which is 1% of 15% and therefore 0.15 wt% of the entire gel. Table 2 lists the
labels used for each hydrogel and the amount of each material used for the hydrogel. The
components of the hydrogels were measured using a Sartorius CPA 124S analytical balance
and were placed into a glass vial.
Table 1. Experimental matrix.
Experimental
Step
Hydrogel
Preparation

Visual
Observation
Rheological
Measurements

Description

Parameters

Results

15 solid wt% hydrogels
are created using DI water,
poly(iPrGE-PEG-iPrGE),
and some homopolymer

-Homopolymers used:
2.5k iPrGE, 2k PEG, 4k
PEG, 8k PEG, or 18.5k
PEG

-Hydrogels

Qualitative data collection
of gels at varying
temperatures
Hydrogel samples are
measured using the AR2000ex rheometer.
Tests are run at least 3
times.

-Concentration of
homopolymer used: 0
wt%, 0.15 wt%, 0.75
wt%, 1.5 wt%, or 2.25
wt%
-Hydrogel blend
-Temperature
-% Strain
-Temperature
-Shear rate
-Oscillation Stress

Table 2. Hydrogel compositions.
Label Water wt% Total Solid wt% Triblock wt% Homopolymer wt%
0%
85%
15%
15%
0%
1%
85%
15%
14.85%
0.15%
5%
85%
15%
14.25%
0.75%
10%
85%
15%
13.5%
1.5%
15%
85%
15%
12.75%
2.25%
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-Gel point
-Clarity
observations
-Storage
modulus
-Loss
modulus
-Gel point
-Fluid
behavior
-Equilibrium
modulus
-Yield
modulus

Additional hydrogels are used as controls to compare the blended hydrogels. The
controls consisted of hydrogels that contained only the triblock. The created gels are listed in
Table 3. The amount of triblock used for the controls is the same as the amount of triblock
that is used in the preparation of the blended hydrogels. However, the percentage that would
have been homopolymer has been replaced with water. In the label, the “T” stands for
triblock.
Table 3. Hydrogel control sample compositions.
Label
14.85% T
14.25% T
13.5% T
12.75% T

Water wt%
85.15%
85.75%
86.5%
87.25%

Triblock wt%
14.85%
14.25%
13.5%
12.75%

Another set of gels were created for comparison to the 8k PEG hydrogels. Instead of
blending in 8k PEG, the 8k PEG was added into the hydrogel in addition to the triblock. The
composition of the additive gels is listed in Table 4. In the labels, the “PA” stands for PEG
additive.
Table 4. Additive hydrogel compositions for 8k PEG.
Label

Water wt%

1% 8kPA
5% 8kPA
10% 8kPA

84.85%
84.25%
83.5%

Total Solid
wt%
15.15%
15.75%
16.5%

Triblock wt%

8k PEG wt%

15%
15%
15%

0.15%
0.75%
1.5%

In order to homogenize the hydrogels, a magnetic stir bar was placed into each vial.
The vials were placed in an ice bath to ensure that the mixing occurred below the gel points.
A hotplate stirrer was used to mix the hydrogels. Figure 14 shows the setup. The speed of the
stirrer was set between 150-450 rpm for at least 12 hours in order to ensure homogenization
and to prevent overmixing. Overnight, the hydrogels were stored in a 4 °C refrigerator. In
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order to ensure uniform composition during experimentation, hydrogels were briefly mixed
in an ice bath before being tested.

Figure 14. Hydrogel preparation setup.
4.2.2 Visual Observations
Visual observations were taken for a temperature ramp experiment in order to
approximate the gel point temperatures of the hydrogels. Vials of the prepared hydrogels
were placed in an ice bath with no external heat source. Periodically, the temperature of the
bath was taken and an inversion test was performed on the hydrogels to confirm gelation. An
inversion test involves turning a vial upside down to see if a gel can support its own weight.
A gel exists when there was no discernable flow within the vial following inversion. After
reaching ambient temperature, the temperature of the bath was slowly increased on the
hotplate. Again, the temperature of the bath was taken and an inversion test was performed
periodically to ensure that the hydrogels remained in the gel state. The test continued until
either the hydrogels ceased to be gels or the bath reached 60 °C. All observations regarding
the hydrogels were recorded.
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4.2.3 Rheological Measurements
The rheological measurements were taken using a TA Instruments AR-2000ex
rheometer. Before experimentation, the external pump used for the cooling water had to be
plugged into a power source. The water level of the pump’s reservoir was then filled to the
required level to provide cooling water for the rheometer. The geometry, provided with the
rheometer, used for the rheological tests performed in this thesis were a 20 mm steel top plate
and a Peltier Plate (bottom plate). To ensure that the rheological data was valid, the
rheometer was calibrated daily. This was done by calibrating the inertia, mapping the
geometry, calibrating the geometry, and zeroing the gap between the two plates by using the
rheometer’s user interface.
Hydrogel samples were loaded between the two plates in a manner that would prevent
the formation of air bubbles. Two loading methods were employed depending on the
properties of the specific gel. The first method involved keeping the hydrogel cool so that it
could be transferred to the rheometer in a viscous state. The hydrogel vials were surrounded
by ice in order to maintain a low temperature before placing the hydrogel into the rheometer.
In this instance, the hydrogel would gel directly on the Peltier Plate. The second method
involved loading the hydrogel in the gel state. The hydrogels were kept at room temperature
throughout the second method and the hydrogels were placed on either the 20 mm steel top
plate or the bottom Peltier Plate. Next, the gap between the plates was lowered to 1025 µm.
The temperature of the Peltier Plate was adjusted until the hydrogel reached a viscous state.
The top plate was rotated to spread the gel evenly across the base and top plates. Excess gel,
gel that was not between the two plates at a 1025 µm gap, was removed from the edges off
the 20 mm steel top plate. The hydrogel was then allowed to rest at the set temperature for 5
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minutes to ensure that hydrogels reached an equilibrium gel state. Dr. Zhang et al.
determined that 5 minutes was an adequate amount of time for the poly(iPrGE-PEG-iPrGE)
hydrogels to equilibrate in her previous research [9]. Note that the equilibrium time was
found during discussion with Dr. Zhang and it cannot be found in the referenced paper.
Following removal of the excess, the gap was decreased to 1000 µm and a solvent trap was
placed around the sample. Ethanol was used to clean the plates between each test.
Four different tests were used for each of the hydrogel samples: a temperature ramp
test, a shear rate test, a cyclic strain test, and an oscillation stress test. A conditioning step
precluded every test run. The conditioning step required that the sample be maintained at the
test’s initial temperature for 8 minutes before the experiments could be run. Tables 5-8 list
the relevant settings and parameters required to run the tests. Note that both the shear rate
and oscillation stress test should not be run until completion. These tests should be
terminated once the gel has yielded and can no longer maintain its shape. Otherwise, the head
of the rheometer will spin fast enough to spray the sample along the solvent trap walls.
Table 5. Temperature ramp testing parameters.
Test Type
Temperature
Ramp

1

2

Steps

Test Settings
Temperature Range
Ramp Rate
Delay Time
Oscillation Stress (Pa)
Angular Frequency
Temperature Range
Ramp Rate
Delay Time
Oscillation Stress (Pa)
Angular Frequency
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20-2 °C
0.5 °C/min
10 seconds
3.259
6.283 rad/s
2-60 °C
0.5 °C/min
10 seconds
3.259
6.283 rad/s

Value

Table 6. Shear rate testing parameters.
Test Type
Stepped Flow

Steps
1

Test Settings
Shear Rate Ramp
Points Per Decade
Temperature
Constant Time
Average Last X Seconds

Value
0.01000—50.00 (1/second)
15
25 °C
5 seconds
5 seconds

Table 7. Cyclic strain testing parameters.
Test Type
Time Sweep

Steps
1, 3, 5, 7

2, 4, 6

Test Settings
Duration
Delay time
Temperature
% Strain
Angular Frequency
Duration
Delay time
Temperature
% Strain
Angular Frequency

Value
4 minutes
5 seconds
20 °C
1
6.283 rad/s
4 minutes
5 seconds
20 °C
100
6.283 rad/s

Table 8. Oscillation stress testing parameters.
Test Type
Stress Sweep

4.3.

Steps
1

Test Settings
Oscillation Stress Sweep
Points Per Decade
Temperature
Frequency

Value
0.1000—100000 Pa
15
25 °C
6.283 rad/s

Apparatus and Materials

4.3.1 Apparatus
The rheological measurements in this study were collected using a TA Instruments
AR-2000ex rheometer, located at the IBM Almaden Research Facility. The rheometer
measures the shear of a sample by measuring the velocity and force of a top plate across a
material. Figure 15 shows the apparatus with the relevant components labelled while
Figure 16 shows the interface used in order to adjust the rheometer settings.
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Figure 15. AR-2000ex rheometer (TA
Instruments) at IBM Almaden Research Center.

Figure 16. Rheometer software interface.
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4.3.2 Materials
The triblock, iPrGE homopolymer, and DI water were obtained at the IBM Almaden
Research Center. The triblock and iPrGE homopolymers were synthesized using the same
method as that described by Zhang et al. [9]. Polyethylene glycol of sizes 2k, 4k and 8k were
purchased from Sigma-Aldrich. The 18.5k PEG polymers were purchased from Polyscience.
Ethanol was purchased from the Gold Shield Chemical Co. All other lab equipment used in
this thesis were obtained from the IBM Almaden Research Center. The safety involved with
handling these materials is discussed in Chapter 4.4.
4.4

Safety
Although most materials and chemicals involved in this project are benign, proper

safety procedures must be followed. Eye protection in the form of goggles or safety glasses
must be worn when in the lab. Proper coverage in the form of a laboratory coat, gloves,
closed toed shoes, and long pants must be worn when in the lab. Shower and eye wash
station locations must be known in case of contact with any material. In addition, fire routes
and emergency exits must be known in the case of an emergency.
When operating the AR-2000ex rheometer, the user must maintain the same safety
standards as above. Sample loading must be done with care. During certain experiments,
such as the shear rate test, the geometry will oscillate at rapid speeds leading to the spraying
of the hydrogel. During these experiments, the user must ensure that the solvent trap is
properly attached to avoid contact with the hydrogel. In addition, the user must be aware of
the temperature of the loading plate before loading or cleaning samples in order to avoid an
accidental burn.
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PEG should be washed off or flushed out if there is contact with skin or eyes. The
chemical iPrGE used in this study is not toxic as it is in its polymer form. However, any
iPrGE should be handled as if it were in its base, epoxide form. The epoxide iPrGE can cause
irritation upon contact with either the skin or eye. In addition, iPrGE is toxic to the lungs so
inhalation should be avoided. The epoxide should be kept away from sources of ignition.
Areas of exposure to iPrGE should be rinsed for at least 15 minutes. Fresh air is
recommended after inhalation. If breathing continues to be difficult, oxygen should be taken
followed by medical attention. An inert material should be used to mop up the excess during
spills. The protocol for ethanol should be identical to that of iPrGE, as it is also flammable.
The poly(iPrGE-PEG-iPrGE) triblock has unknown safety requirements because it is a newly
synthesized material. While the harmful aspects of iPrGE should not be present in the
triblock form, it would be best to treat the triblock as if it was as harmful as iPrGE in the base
form. All chemicals should be disposed of in appropriately labeled bins. Table 9 summarizes
the safety information of the chemicals used.
Table 9. Summary of MSDS.
Chemical
Deionized
water

Health
0

Flammability
0

Reactivity
0

Polyethylene
glycol (PEG),
varying sizes
isopropyl
glycidyl ether
(iPrGE)

0

0

0

2

3

0

Poly(iPrGEPEG-iPrGE)

n/a

n/a

n/a

Ethanol

2

3

0
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PPE
Gloves, Eye
Protection,
Lab Coat
Gloves, Eye
Protection,
Lab Coat
Full body
protection &
sufficient
ventilation
Gloves, Eye
Protection,
Lab Coat
Full body
protection &
sufficient
ventilation

Other

Flammable,
avoid ignition
sources

Flammable,
avoid ignition
sources

4.5

Data Analysis
The objective of this thesis is to study the effect of blending homopolymers into

hydrogels consisting of the triblock copolymer poly(iPrGE-PEG-iPrGE). The prepared
hydrogels will be compared by their gel point, storage modulus, equilibrium modulus, and
yield stress. These values were obtained using an AR-2000ex rheometer. The cyclic strain
tests tested the recovery and shear-thinning properties of the hydrogels. The temperature
ramp tests measured the gel point and storage modulus at varying temperatures of the
hydrogels. The shear rate tests determined the fluid behavior and the shear-thinning
properties of the hydrogels. The stress sweep tests found the equilibrium modulus and the
yield stress. The visual observations supplemented the rheological data.
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CHAPTER FIVE
RESULTS AND DISCUSSION
The results obtained from the study of the hydrogel blends will be discussed in this
chapter. The goal of this project was to create different hydrogels based on the triblock
poly(iPrGE-PEG-iPrGE) and compare the resulting hydrogels to one another. First, visual
observations regarding the hydrogels will be discussed. Second, the results obtained from the
rheometer will be compared to differentiate the gels from one another.
Before discussing the results, it is important to explain the rationale in choosing the
homopolymers. Both 8k PEG and 2.5k iPrGE homopolymers were used in the synthesis of
the triblock and were readily available. Additionally, the hydrophilic nature of PEG and
hydrophobic properties of iPrGE might have different effects on the moduli of the hydrogels.
The other variations of PEG were chosen due to commercial availability. The 2k PEG
homopolymer is similar in size to the 2.5k iPrGE homopolymer. By comparing the two
materials, both the effects of size and hydrophobicity could be examined. The 4k PEG
homopolymer was chosen as a midway point to compare the 2k PEG and 8k PEG
homopolymers. Finally, the 18.5k PEG was selected due to its large size when compared to
the other materials selected.
5.1

Visual Observations

5.1.1

Hydrogel Verification
The samples had to be confirmed to be gels at ambient temperature. While hydrogels

consisting of 10-15 wt% of the triblock have been verified to be gels by Zhang et al., the
addition of a homopolymer additive may cause a shift in the gel point [9]. Verification of the
hydrogels was performed by using an inversion test. A gel was considered to have formed
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when there was no discernable flow within the vial following inversion. Figure 17 shows the
transition of the sample from solution to gel with the inversion test.

Figure 17. Varying states of 15% 2k PEG hydrogels:
(a) Solution at 0 °C (b) Viscous Solution at 9 °C (c)
Gel at 22 °C.
Originally, 30% homopolymer hydrogels were to be discussed in this project as well.
Unfortunately, these samples either failed to gel or exhibited syneresis. Too much of the
triblock backbone was replaced by homopolymer and the hydrogel could not form at these
concentrations. Since the hydrogels were not uniform due to the phase separation, study of
the 30% hydrogels was discarded. Fortunately, all of the samples mentioned in Chapter Four
did pass the inversion test and successfully formed gels.
5.1.2 Clarity of Hydrogels
The clarity of the samples varied based on temperature, concentration of the triblock,
and the specific material blended into the mixture. Figure 18 shows how temperature plays a
role in clarity of 8k PEG hydrogels. Figure 18a shows the hydrogels at ~0 °C while Figure
18b shows the hydrogels at room temperature.
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Figure 18. Comparison of hydrogel opacity. From left to
right 15% Triblock, 1% 8k PEG, 5% 8k PEG, 10% 8k
PEG, 15% 8k PEG hydrogels. (a) 0 °C (b) 22 °C.
The 1% 8k PEG blend retained the same clarity at both temperatures and is similar to
the 15% Triblock blend. All 1% blends exhibited similar clarity, which was expected due to
the small amount of blended homopolymer. The 5%, 10%, and 15% 8k PEG blends started as
transparent and become less clear as the temperature rose and remained opaque in the gel
form. A less homogenous network led to an opaque hydrogel. There were two potential
reasons for the opacity, the concentration of the backbone of the network (i.e., the triblock)
or the interactions between the homopolymers with the flower micelle structures. Figure 19a
below compares 15%T and 10.5%T hydrogels to highlight the effect of triblock
concentration on clarity. As the amount of triblock decreased, clarity also decreased. Figure
19b shows the effect of adding 8k PEG into the solution when the concentration of 15 wt%
triblock was kept constant. The clarity of the hydrogels decreased as larger amounts of 8k
PEG were introduced into the system. From Figure 19a and Figure 19b, it can be seen that
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both the concentration of the triblock and the homopolymer blends play a role in hydrogel
clarity.

Figure 19. (a) Comparison of 15%T (left) vs. 10.5%T (right)
hydrogels at 22 °C. (b) Comparison of.(from left to right) 1%
8kPA, 5% 8kPA, and 10% 8kPA hydrogels at 22 °C.
Unlike the PEG hydrogels, the iPrGE blends were extremely cloudy even at low
temperatures, as shown in Figure 20. The difference in opacity between the hydrogels can be
attributed to the hydrophobic nature of iPrGE. Polyethylene glycols tend to be water-soluble
whereas isopropyl glycidyl ether is insoluble.

Figure 20. IPrGE hydrogel opacity comparison at 0 °C. From
left to right, 15% Triblock, 1% iPrGE, 5% iPrGE, 10% iPrGE,
and 15% iPrGE hydrogels.
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5.2

Rheological Measurements
While the focus of this project is to study the effects of various homopolymers on the

hydrogels, it is also important to compare the novel hydrogels to another hydrogel that has
been previously studied. Hydrogels fabricated from Pluronic F127 were used as a
comparison because it is also an ABA triblock copolymer and it is commercially available.
Additionally, hydrogels using Pluronic F127 have been previously printed using direct-write
3D printing, the same technique that will be used to print the novel hydrogels created in this
study [32].
5.2.1 Temperature Ramp Tests
The hydrogels created in this study were thermoresponsive. The driving force of
hydrogel formation was based on the lower critical solution temperature of the hydrophobic
iPrGE outer blocks [9]. As temperature increased, the solubility of the outer blocks
decreased, leading to the formation of flower micelles. Due to the changing solubility, the
relative size of the micelle was dependent on temperature, which change the relative strength
of the hydrogels. During the temperature ramp tests, the storage and loss modulus of the
hydrogels were recorded by the rheometer from 2-60 °C. The samples were placed under a
constant oscillation stress of 3.259 Pa.
5.2.1.1 Gel Point. When the loss modulus (G’’) is higher than the storage modulus
(G’), a material is a liquid. Conversely, when the storage modulus is greater than the loss
modulus, a material is a solid. Due to the relationship between the storage and loss moduli,
the gel point of the hydrogels is defined as the temperature at which the storage modulus is
equal to the loss modulus. Figure 21 shows the temperature ramp of a 14.85% triblock
hydrogel with the modulus crossover labeled. Thermoreversibility of the hydrogel can be
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seen in the hydrogel as the gel underwent two different temperature ramps. Figure 21a
displays the storage and loss modulus of the hydrogel as temperature decreases while Figure
21b shows the moduli as temperature increases. The gel point data is summarized in
Table 10.

Figure 21. Temperature ramp of 14.85% Triblock
hydrogel. (a) Temperature ramp from 20 °C to 5 °C. (b)
Temperature ramp from 5 °C to 50 °C. G’ is the storage
modulus and G’’ is the loss modulus.
38

Table 10. Summary of gel points of hydrogel blends.
Homopolymer
None (Control/Pure Triblock)

2k PEG

4k PEG

8k PEG

18.5k PEG

2.5k iPrGE

8k PEG (Additive)

Label
15% T
14.85% T
14.25% T
13.5% T
12.75% T
1%
5%
10%
15%
1%
5%
10%
15%
1%
5%
10%
15%
1%
5%
10%
15%
1%
5%
10%
15%
1% 8kPA
5% 8kPA
10% 8kPA

Gel Point (°C)
8.10
8.23
9.28
11.50
13.22
7.57
9.14
9.36
10.84
8.04
10.07
10.54
10.79
8.49
8.96
9.48
10.02
8.33
8.54
10.58
10.13
8.30
8.58
9.05
10.98
9.87
10.48
10.71

The dominant factor in changing the gel point was the concentration of the triblock
rather than which homopolymer was used. The gel point rose as homopolymer was blended
in to replace the triblock. When looking at the gel points of the pure triblock hydrogels, it is
clear that the increasing gel point trend can be attributed to the decreasing amount of triblock
in each hydrogel. Another supporting factor comes from the 8k PEG additive hydrogels.
Unlike the other hydrogels where homopolymer is used to replace the triblock, the 8kPA
hydrogels add additional amounts of 8k PEG to the 15 wt% of the triblock. The gel points of
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these gels remained relatively consistent. It can be concluded that the amount of triblock
within the hydrogel plays the largest role in gel point amongst these hydrogel blends.
While the homopolymer played little role in affecting gel point, these hydrogels still
have a major advantage over hydrogels created from Pluronic F127. The gel points for 15
wt% and 20 wt% F127 hydrogels are 34.4 °C and 17.2 °C, respectively [9]. This poses a
problem when a 3D printed pattern must be kept or used at room temperature. All of the
variants of the triblock hydrogel had gel points well below room temperature. While
mammalian cells may have an ideal growth temperature of 37 °C, other organisms, such as
insects, have an ideal growth temperature closer to 27 °C [33]. The creation of iPrGE-PEGiPrGE hydrogels increases the potential uses of hydrogel printed inks.
5.2.1.2. Temperature Effects on Hydrogel Behavior. While the gel points depend
on the concentration of the triblock, the storage moduli of the hydrogels are dependent on
both the concentration of the triblock and the specific homopolymer that was blended into
each hydrogel. Figure 22 shows the temperature ramp results for the pure triblock hydrogel
blends and clearly shows a decrease in strength as the amount of triblock is lowered. With
less triblock in the system, less or smaller micelles are formed. The temperature ramps of the
other hydrogel blends can be found in Appendix A.
By examining the pure triblock results seen in Figure 21 along with the blend results
seen in Figure 23, it is clear that several of the hydrogels lose their strength after 30 °C. The
steady decline is due to a conformational change in the hydrogel structure. After 35 °C,
several hydrogels went through a second cloud point following the initial opaqueness
discussed earlier in the chapter. Initially, the solubility of the triblock decreased as
temperature increased due to the hydrophobic iPrGE outer block. As temperature increased
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and moved towards the second cloud point, the behavior of the driving force of the gelation
begins to reverse and the material within the samples began to change phase. The water held
by the hydrogel network moves out of the micelles leading to a weaker structure.
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Figure 22. Temperature ramp of pure triblock (control) hydrogels.
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Figure 23. Temperature ramp of 15% hydrogel blends.
The change in phase is most notable for the 15% iPrGE and 12.75% triblock
hydrogels, as seen in Figure 23. During the visual observations, these hydrogels began to
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precipitate around 46 °C, which lead to an abrupt drop in the storage modulus. Cracks began
to appear in the hydrogel, indicating that the gels were no longer homogenous. Water began
to separate from the hydrogel, indicating thermal based syneresis. Similarly, the 12.75%
triblock experienced this abrupt drop in storage modulus due to the lower number of micelles
within the hydrogel. Since there is less triblock present, the network of micelles within the
hydrogels were unable to maintain their conformation when placed under a stronger stimulus.
Unlike the other hydrogels, no extended network could be formed due to the lack of
additional homopolymer. Initially, the iPrGE hydrogels were the closest in strength to the
15% triblock at ambient temperature. However, as the temperature of the solution rose, the
storage modulus of iPrGE gel dropped off as the critical micelle concentration changed. The
results here indicate that the first hypothesis is correct, the addition of hydrophobic
homopolymers will affect the temperature response of the hydrogel resulting in network
collapse at lower temperatures.
5.2.2 Shear Rate Tests
Direct write 3D printed hydrogels possess shear-thinning properties to allow for easy
extrusion through a nozzle. In order to ensure that the hydrogels shear-thinned, the viscosity
was measured as a function of shear rate at 22 °C. A trend where shear viscosity decreases
linearly as shear rate increases indicates the presence of a shear-thinning non-Newtonian
fluid. Figure 24 shows that 2k PEG hydrogel blends have the desired trend. All of the other
hydrogel samples displayed the same linear behavior and the supplemental data can be found
in Appendix B.
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Figure 24. The 2k PEG shear rate test results at 22 °C.
5.2.3 Cyclic Strain Tests
Ideal 3D printed hydrogel inks should be thixotropic. Hydrogels used for direct write
additive manufacturing must demonstrate the ability to recover their shape after extrusion
from a nozzle. The recovery of hydrogels can be measured using the instantaneous response
of the hydrogel to different amounts of amounts of strain. In this test, the hydrogels were
placed under low strain (1% strain) and then placed under high strain (100% strain). Under
high strain, the loss modulus is greater than the storage modulus indicating that the sample
exhibits behavior liquid-like behavior. Under low strain, the storage modulus is greater than
the loss modulus, indicating that the sample is exhibiting behavior that is more elastic.
All of the hydrogels studied in this paper exhibited similar behavior, although their
moduli varied. Figure 25 shows the cyclic strain test for a 1% 8k PEG Additive hydrogel
with each of the seven steps labeled. Steps 1, 3, 5 and 7 are low strain while steps 2, 4, and 6
are high strain. At step 2, the hydrogel has a greater storage modulus than loss modulus; this
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relationship is reversed during step 3. This pattern is repeated in steps 4 and 5, and then steps
6 and 7 indicating that the hydrogels recover quickly following a period of high strain.

Figure 25. Cyclic strain test for 1% 8k PEG Additive hydrogel. Steps 1, 3, 5,
and 7 are low strain (1%) and Steps 2, 4, and 6 are high strain (100%). G’ is the
storage modulus and G’’ is the loss modulus.
While relaxation steps 3, 5, and 7 have the same relative strength to each other, they
never reach the same strength as step 1. The mechanical hysteresis can be attributed to the
two-minute equilibrium period before testing. Since the hydrogels were placed under zero
stress, they possessed a higher relative modulus at the start of the test. Throughout the
experiment, the hydrogels experience constant strain of either 1% or 100%, which never
allowed the hydrogel to recover fully. The slight noise seen between steps 1 and 2 can be
attributed to the equilibrium period as well. All other hydrogels exhibited similar behavior.
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5.2.4 Oscillation Stress Tests
The oscillation tests used in this study measured the storage modulus as a function of
oscillation stress. The oscillation tests were performed in order to compare the equilibrium
modulus and yield stress of each sample, which are further examined in subsections 5.2.4.1
and 5.2.4.2. An example of the oscillation test results is shown in Figure 26 with both the
storage modulus and the yield stress labeled. The oscillation test results of all of the other
hydrogels can be found in Appendix C.

Figure 26. Oscillation sweep of 1% 18.5k PEG hydrogel.
5.2.4.1 Equilibrium Modulus. The equilibrium modulus is the defined in this thesis
as the constant storage modulus a hydrogel maintains before it yields. The equilibrium
modulus can be used to compare the relative strengths of the gels, as a higher equilibrium
modulus tends to indicate a high yield stress. Figure 27 plots the equilibrium modulus for all
of the hydrogel samples. The hydrogel with the highest equilibrium modulus is the 15%
Triblock hydrogel, which has the largest concentration of the triblock. The data gathered here
indicates that the second hypothesis is true, that the triblock concentration plays the largest
role in cross link density and hydrogel strength. Additional data can be found in Appendix C.
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Figure 27. Comparison of the equilibrium modulus of the hydrogels.
5.2.4.2. Yield Stress. In the context of this paper, yield stress indicates the amount of
pressure required for the material to flow. Additionally, the yield stress can be used to
compare the relative strengths of hydrogels. A higher yield stress allows a hydrogel structure
to support a larger number of layers of hydrogel before falling apart [9]. The comparison of
the hydrogels by their yield stress can be seen in Figure 28. Unlike the equilibrium modulus,
the 1% hydrogels do not have as much overlap. The homopolymer seems to play a larger role
in increase or decreasing the hydrogel’s ability to maintain its shape under increasing duress.
More data on the yield stress can be found in Appendix C.
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Figure 28. Comparison of the yield stress of the hydrogels.
Three hydrogels had a yield stress that was equal to or lower than the yield stress of
20 wt% F127 hydrogel, 85 Pa [9]. These hydrogels were 15% 4k PEG, 10% 8k PEG, and
15% 8k PEG, which had average yield stresses of 69, 95, and 83 Pa, respectively. The higher
yield stress indicate that the other hydrogels are superior to F127 in terms of supporting
larger 3D structures. However, the 1% and 5% iPrGE had higher yield stresses than the 15%
Triblock hydrogel control, indicating that the second hypothesis was not true for every
hydrogel tested. The reasons are due to the hydrophobic interactions of the iPrGE
homopolymer with the micelles and are discussed in Chapter 5.4. The wide range of moduli
allow the triblock blends to be tuned for different purposes. Discher et al. have found that the
development of stem cells can be manipulated by varying the stiffness of the substrate [34].
5.3

Discussion of PEG Hydrogel Strengths
Most PEG hydrogel blends are weaker than pure triblock blends. This can be

attributed to the interactions between the hydrophilic domains of the micelles and the
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different sizes of PEG homopolymer. When interfacing with the hydrophilic domain, the
PEG polymers form loops in the micelles resulting in weaker micelle-micelle interactions,
exhibiting behavior similar to those found by Koenigs et al. [19]. Similarly, when PEG floats
freely in the solution, the micelles interact with the free-floating PEG rather than other
micelles, resulting in a weaker hydrogel, Figure 29a. The discussion below supports the third
hypothesis, that the molecular weight of the PEG homopolymer will affect hydrogel strength
due to the differing interactions with the micelles.
The 8k PEG hydrogels exhibited an unusual relationship between the equilibrium
modulus and the yield stress. As the size of the PEG increased from 2k to 8k, it was expected
that both the yield stress and equilibrium modulus decreased. This trend was true for the
yield stress, but differed for the equilibrium modulus for 8k PEG. The cause of this
discrepancy could be attributed to the sizes of the polymer. Both 2k PEG and 4k PEG are
small, especially when compared to the triblock. While these polymers do interact with the
branches of the micelle, they are too small to crosslink with multiple micelles when floating
freely in the solution. However, the smaller size also meant that any loops within the micelles
were smaller and did not interfere with the integrity of the micelle. The 8k PEG polymers
were large enough to interfere with the hydrophilic domain of the micelle, resulting in a less
stable micelle. The lower stability of the micelle resulted in the expected trends for the yield
stress. However, the equilibrium modulus of 8k PEG hydrogels somehow increased. This
could be attributed to the addition of another source of entanglement in the form of the PEG
polymers outside of the micelles. The 8k PEG was large enough that multiple micelles were
able to entangle through the interactions of the 8k PEG polymers, Figure 29b. However,
since 8k PEG is small compared to the triblock, these interactions were weak. When
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presented with a high enough stress, the hydrogels behavior become more dependent on the
micelle stability than the entanglement of the hydrophilic polymers. When the micelles
break, the hydrogel network falters. The 8k PEG hydrogels demonstrate how storage
modulus is not necessarily a good measure of how strong or good an ink may be for 3D
printing. While the equilibrium modulus was high, the true indicator of a 3D printed
hydrogels strength should depend on the yield stress. The 8k PEG hydrogel is akin to glass, a
hard material that is brittle.
The yield stress decreased as the size of PEG increased from 2k to 8k. If this trend
held, the 18.5k PEG hydrogel should have the lowest yield stress. However, the 18.5k PEG’s
yield stress went up and surpassed the 4k PEG hydrogel blends. The explanation for this
behavior rests in the size of the polymers. The larger size of the 18.5k PEG served as another
source of entanglement for the 13k triblock. While the decrease in strength relative to the
unmodified triblock indicates that fewer micelles formed, the 18.5k PEG polymers were less
likely to interact directly within the hydrophilic domain due to their relatively large size
when compared to the triblock (~13k). The entanglements created from the PEG outside the
system counteracted the weakening of the micelles due to loops. The resulting hydrogels
were weaker than the pure triblock hydrogels, but still stronger than the 4k and 8k PEG
hydrogels.
5.4

Discussion of iPrGE Hydrogel Strengths
Figures 27 and 28 show that the iPrGE hydrogels have higher equilibrium modulus

and yield stress across all blends and surpass the triblock control when looking at only yield
stress. The 1% iPrGE hydrogels were the strongest of all of the blends and had an average
equilibrium modulus of 33.166 kPa and yield stress of 7.017 kPa. The larger yield stress
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implies that iPrGE hydrogels should be able to maintain its shape under larger loads and is
therefore stronger than other hydrogels. The disparity in both properties could be attributed to
the hydrophobic nature of iPrGE. The iPrGE polymer most likely interacts with the
hydrophobic domain of the micelles. When inside the core of the micelle, the polymers
entangle amongst the iPrGE outer blocks of the triblock in order to stabilize the shape of the
micelle and further decrease the solubility of the micelle within the hydrogel, Figure 29c.
When compared to the 2k PEG hydrogels, which is of similar size to iPrGE, it becomes clear
the increase in yield stress is due to the hydrophobicity of iPrGE rather than due to size of the
material. However, as noted in the temperature ramps, the iPrGE hydrogel weakens as
temperature rises due to the higher dependence on hydrogen bonds. The iPrGE hydrogel
notably began to weaken around 37 °C and syneresis occurred. Syneresis as temperatures
rises is expected to eventually occur in all hydrogels, with a common example being poly(Nisopropylacrylamide) based hydrogels [35]. As the temperature rose and water began to leave
the micelle, the iPrGE homopolymer contained to interact in the hydrophobic domain which
caused the micelle to expel water from the micelle faster. The interactions caused the iPrGE
hydrogel blend to collapse before the PEG blends. As many tissue cells will be grown in vivo
at 37 °C, the iPrGE hydrogels may not be useful in certain scenarios [36]. Specifically,
iPrGE hydrogels might not be as useful for growing mammalian bone cells since those stem
cells would require a stiffer surface [37]. Conversely, the softer PEG hydrogels might be
ideal for growing brain or muscle cells [37].
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Figure 29. Homopolymer interactions with poly(iPrGE-PEG-iPrGE) flower
micelles. (a) Lower weight molecular PEG floats freely in water. (b) Higher
molecular weight PEG can create cross-linking between micelles or float freely in
water. (c) The iPrGE homopolymer entangles within the hydrophobic domain of the
flower micelles.
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CHAPTER SIX
CONCLUSIONS
Hydrogel blends based on the triblock poly(iPrGE-PEG-iPrGE) were successfully
created and studied. An AR-2000ex rheometer by TA Instruments was used to perform the
rheological measurements. The parameters explored in this project were altering the
homopolymer blended into the gel and the amount of homopolymer blended.
While the gel point of the hydrogels varied, the largest contributor to the different
temperatures was the concentration of the triblock rather than the material blended into the
gel. All of the hydrogels exhibited non-Newtonian shear-thinning properties as well as the
ability to recover relative strength following a period of high strain. These two properties
indicate that the hydrogels are ideal for direct write 3D printing.
All of the hydrogels were dual responsive in the form of shear and temperature
stimuli. The hydrogels studied had lower gel points and a wide range of yield stresses when
compared to commercially available Pluronic F127 hydrogels, which make them ideal for
room temperature experiments. Therefore, the hydrogels created in this study can be used in
the future as potential inks for 3D printing applications.
The hypotheses were found to be true or mostly true based on the results. The first
hypothesis, that the addition of hydrophobic homopolymer will affect the temperature
response of the hydrogel, was found to be true as the iPrGE hydrogels collapsed at a lower
temperature due to the interactions of the homopolymer and micelle in the hydrophobic
regime. The second hypothesis, that the triblock concentration plays the largest role in cross
link density and hydrogel strength, was found to be true for 26 out of 28 of the hydrogels
tested. The only exceptions were the 1% and 5% iPrGE hydrogels when looking at the yield
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modulus at 22 °C. The triblock concentration played a larger role when looking at the
temperature ramps and the equilibrium modulus. The third hypothesis, that the molecular
weight of the PEG homopolymer added to the hydrogel blends will affect hydrogel strength,
was found to be true. The relative strengths of the hydrophilic PEG hydrogels followed a
general trend of increasing PEG size leading to weaker gels when compared to the triblock
hydrogel. However, the strongest hydrogel does not indicate the best hydrogel. While iPrGE
hydrogels performed better at room temperature, they collapsed at a lower temperature when
compared to the other hydrogels. Different applications require different properties.
Fortunately, the composition of the triblock hydrogel can be tuned to a wide range of storage
moduli in order to provide an ideal ink for 3D printing.
For future studies, it would be interesting to perform the experiment by adding
varying amounts of 2.5k PEG, 4k PEG, 18.5k PEG or 2.5k iPrGE homopolymers to exceed
the 15 solid wt% of total polymer. Previously studied at IBM were a smaller, 1.5k-8k-1.5k,
poly(iPrGE-PEG-iPrGE) triblock. Hydrogels from this triblock would exhibit different
mechanical properties and the results could be compared to the triblock studied in this paper.
Another interesting test would be to print the hydrogel blends and count the number of layers
that can be supported before the hydrogel structure collapses. Finally, the biocompatibility of
the hydrogels should be investigated before they can be recommended for 3D printing tissue
culture scaffolds.
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APPENDIX A
Temperature Ramp Tests
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Temperature Sweep of iPrGE Blends
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APPENDIX B
Shear Rate Test Results
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iPrGE Shear Rate Test
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APPENDIX C
Oscillation Sweep Test Results
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